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Edited by Hans EklundAbstract Ammonia transfer from the glutamine site to the fruc-
tose-6P site of bacterial glucosamine-6-phosphate synthase was
studied by molecular dynamics simulations. The studies suggest
a key role for Trp74, in the sealing of the hydrophobic channel
connecting the two binding sites, as well as for the two Ala602
and Val605 residues, which form a narrow passage whose open-
ing/closing constitutes an essential event in ammonia transfer.
Kinetic analyses of the corresponding protein mutants conﬁrmed
our predictions. The eﬃciency of ammonia transfer which was
close to zero in the W74A mutant was partially restored by
increasing the size of the corresponding side-chain; the simula-
tions performed on the W74A mutant suggested the formation
of a hole in the channel. In the case of A602L and V605L mu-
tants, the eﬃciency of ammonia transfer decreased to 50%
of the value of the native protein. None of the mutants were, how-
ever, able to use exogenous ammonia as a substrate.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glucosamine-6P synthase constitutes an interesting pharma-
cological target as the ﬁnal product of the hexosamine path-
way, UDP-N-acetyl glucosamine (UDP-GlcNAc), is an
essential building block of bacterial and fungal cell walls and
has been described to be involved in human vascular complica-
tions of type 2 diabetes [1,2]. Accordingly, a better understand-
ing of the enzyme mechanism may bring crucial information
for drug design.
Bacterial glucosamine-6-phosphate synthase (Glms) cata-
lyzes the initial and rate limiting step [3] of the hexosamine
pathway by irreversibly converting D-fructose-6-phosphate
(Fru-6P) into D-glucosamine-6-phosphate (GlcN-6P) [4,5].Abbreviations: Glms/Gfat, bacterial/human glucosamine-6P synthase;
SMD, steered molecular dynamics
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doi:10.1016/j.febslet.2007.05.068The ammonia necessary for this conversion (synthase activity)
originates from the hydrolysis of L-glutamine (Gln) into L-glu-
tamate (Glu) (hemi-synthase activity, in the presence of
Fru-6P). Glms cannot use exogenous ammonia for GlcN-6P
synthesis [6]. In the absence of Fru-6P, the enzyme conserves
only a weak hydrolyzing activity of Gln into Glu (glutaminase
activity), showing an inter-dependency of the two active sites.
Interestingly, the available crystal structures [7,8] show that the
two binding sites dedicated, respectively, to Fru-6P and Gln
binding are distant by 20 A˚ strongly suggesting the existence
of an ammonia channel.
The X-ray structure of the human enzyme (Gfat) has still to
be solved. However, its bacterial counterpart (Glms) can be
considered as a good model as the two proteins exhibit 40% se-
quence identity, a value that goes up to 100% in the func-
tional regions (active sites, putative region of the channel).
The recent X-ray structure of bacterial glucosamine-6P syn-
thase (PDB:2J6H [7,9]) describing the enzyme with both its
sites occupied was used to precisely determine the residues in-
volved in ammonia transfer. This structure at 2.35 A˚ resolu-
tion which can be considered as a ready-to-transfer ammonia
state presents an open ammonia channel [7]. However, the
communication between the two sites is hindered when hydro-
gen atoms are added to the X-ray structure as can be seen from
the lack of overlap between the ammonia accessible surfaces of
the Gln binding and Fru-6P binding sites (Fig. 1). This demon-
strates the utility of studying ammonia transfer in Glms from a
dynamic point of view.
The goal of this study was to investigate the most favorable
way for ammonia to transit between the two active sites of
Glms, at least at a qualitative level. Molecular dynamics simula-
tions were ﬁrst used to identify the amino acid residues involved
in the control of the channelling as well as their putative role in
the process. Kinetic characterization of the corresponding mu-
tants for their ability to hydrolyze glutamine, transfer ammonia
and synthesize glucosamine-6P was then performed.2. Materials and methods
2.1. Molecular modeling
The PDB:2J6H [7] X-ray structure from the Protein Data Bank was
used as a starting structure for the molecular dynamics simulations.
This structure describes the dimeric Glms with the hemi-synthase and
the synthase active sites occupied, respectively, by 6-diazo-5-oxo-L-nor-
leucine (DON), an aﬃnity marker of the catalytic Cys1 residue, and byblished by Elsevier B.V. All rights reserved.
Fig. 1. The ammonia accessible surfaces (sphere radius 1.6 A˚) of the hemi-synthase (cyan) and synthase (yellow) active sites in the presence of
hydrogen atoms were determined with the Pocket software [27] using the PDB:2J6H X-ray structure of Glms [7]. The residues that belong to the
ammonia channel are shown in green; among these, those chosen for site-directed mutagenesis are shown in red.
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C-terminal ends. In our simulations performed on the whole dimer,
DON was replaced by glutamate + ammonia; glutamate was built at
the position it appears in the PDB:1XFG [10] structure. Ammonia
was placed in contact with the carboxyl group of glutamate at the oppo-
site end of the putative oxyanion hole [7]. The linear form of glucose-6-
phosphate was also replaced by the cyclic form as described in the
PDB:1MOR [11] structure. The CHARMM [12,13] force ﬁeld parame-
ters described previously for ammonia were used; for the cyclic form of
glucose-6-phosphate, we combined the parameters previously described
for alpha-D-glucopyranose [14] and for phospho-serine. Co-cristallized
water molecules were built and added to the model. The protein bound
to its ligands was then placed in a box of water (TIP3P [15]) before
counter-ions were added to neutralize the global charge of the whole
system. The ﬁnal total number of atoms was 113290; periodic boundary
conditions were applied and the system was ﬁrst energy minimized
through 5000 steps of conjugate gradient before being submitted to
an equilibration phase of 1 ns of a Langevin dynamics performed at
constant temperature and pressure (300 K; 1 atm). Electrostatic inter-
actions were treated with the Particle Mesh Ewald (PME) method
[16] using a switching function applied between 10 and 12 A˚. Newton’s
equations of motions were integrated at each 1 fs applying the Shake
algorithm on all bonds involving hydrogen atoms.
After the equilibration step, SMD [17–19] protocol was applied to
the ammonia molecule to force it to transit from the hemi-synthase site
to the synthase site on a timescale compatible with molecular dynamics
simulations of such large molecular systems (nanosecond simulations).
The method consisted of pulling ammonia at a constant velocity
(0.2 A˚/ps) in the direction of the phospho-sugar. The variations of
the resulting forces along the characterized pathway reﬂect the diﬀer-
ent events that occur during ammonia transfer. The operation was re-
peated ﬁve times, changing the initial random velocities to conﬁrm the
reproducibility of the obtained results (pathways and forces).
The W74A protein mutant was generated by replacing the side-chain
of the Trp74 residue by a methyl group in the X-ray structure before
applying the same protocol as described above (minimization, equili-
bration).
All the calculations were performed using the CHARMM forceﬁeld
with the NAMD software [20] on a SGI Origin 3800 using 64 R14000/
500 MHz processors in parallel and available at the ‘‘ Centre Informa-
tique National de l’Enseignement Supe´rieur ’’ (CINES) in Montpellier,
France (Project No. c20050722702). On this supercomputer, 250 ps of
simulation represented 24 h of computational time.
2.2. Molecular biology and biochemistry
The GeneTailor site-directed mutagenesis system, reagents and plat-
inum Taq DNA high ﬁdelity polymerase were purchased from Invitro-
gen. The protease inhibitor mixture (Complete) was from Roche
Molecular Biochemicals. All other chemicals were from Sigma.2.3. Site-directed mutagenesis
The recombinant plasmid pMA1 encoding wild-type (WT) bacterial
Glms was described earlier [21]. Site-directed mutagenesis was per-
formed according to manufacturer’s protocol (GeneTaylor, Invitro-
gen) using pMA1 plasmid as a template. The codon for W74 was
converted to Ala, Leu or Phe codon, and the codons for A602 and
V605 were replaced by a Leu codon. The primers used for the mutation
of the W74 residue were: forward 5 0-GGTATTGCTCACACTCGC-
GCGGCGACCCACG-3 0 for W74A, forward 5 0-GGTATTGCT-
CACACTCGCTTAGCGACCCACG-3 0 for W74L, forward
5 0-GGTATTGCTCACACTCGCTTCGCGACCCACG-3 0 for W74F
(mutation sites are underlined) and reverse 5 0-GCGAGTTGTAG-
CAATACCAGTGCCGCCA-3 0. The primers used for the mutation
of the A602 and V605 residues were: forward 5 0-GTTGAC-
CAGCCGCGTAACCTGCTAAAATCGGTTA-3 0 for A602L and
reverse 5 0-CAGGTTACGCGGCTGGTCAACGTCGGTTGCC-3 0,
forward 5 0-CGCGTAACCTGGCAAAATCGCTTACGGTTGAG-
TA-3 0 for V605L and reverse 5 0-CGATTTTGCCAGGTTACGC-
GGCTGGTCAAC-3 0. The sequence of the diﬀerent mutated glms
genes was veriﬁed by sequencing of the entire length.
2.4. Protein puriﬁcation
Wild-type Glms and the diﬀerent mutated proteins were puriﬁed
from recombinant E. coli HB101 cells at 4 C. After growth at 37 C
under strong aeration over a period of 17 h in 2 l of Luria Bertani med-
ium (20 g bactotryptone, 10 g bactoyeast, 10 g NaCl, pH 7.5) supple-
mented with 100 lg ml1 ampicillin, the cellular pellet was
resuspended in 100 ml of buﬀer A (20 mM Bis Tris Propane, pH 7.2,
1 mM EDTA, 1 mMDTT) and sonicated. The supernatant was loaded
onto a Q-Sepharose fast ﬂow column (5 · 15 cm) (GE-Healthcare)
equilibrated in buﬀer A and connected to an AKTATM Explorer sys-
tem. After washings, the column was eluted with a linear gradient of
0–1 M NaCl in buﬀer A. Active fractions eluting at 0.35 M NaCl were
pooled, concentrated, and loaded onto a Superdex 200 HR 26/60 Hi-
load gel ﬁltration column (GE Healthcare) previously equilibrated in
20 mM KPO4, pH 7.2, 150 mM NaCl. The active fractions were
pooled and concentrated. Protein concentration was determined
according to Bradford [22] with BSA as a standard.
2.5. Activities measurement
Enzyme activity was measured following established protocols [6].
For glutaminase activity (in absence of Fru-6P) and hemi-synthase
activity (in the presence of Fru-6P), the production of glutamate was
coupled to glutamate dehydrogenase (GDH) and followed spectromet-
rically at 365 nm by the appearance of Acetyl Pyridine Adenine Dinu-
cleotide (APADH, a NADH analogue). Assay mixture contained
50 mM potassium phosphate, pH 7.5, 1 mM EDTA, 50 mM KCl,
1 mM APAD, 13 units of GDH, 6 mM Fru-6P, Glms (0.5–1 lg) in a
total volume of 1 mL. The reaction was initiated by adding Gln to
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of GlcN-6P was measured by the modiﬁed colorimetric Morgan-Elson
method [6]. The reaction mixture was incubated at 37 C for 20 min be-
fore GlcN-6P detection. One enzyme unit is deﬁned as 1 lmol Glu or
GlcN-6P produced per minute. For kinetic studies, the concentration
of one substrate was varied while the other was kept at saturation con-
centration (10 mM for Fru-6P and for Gln).
The eﬃciency of ammonia transfer (EAT) was expressed as the ratio
of consumed vs. produced ammonia, e.g. between the two kcat mea-
sured for the synthase and hemi-synthase activities:
EAT ¼ kcatðsynthaseÞ
kcatðhemi-synthaseÞ  100:2.6. Titration of ammonia and measurement of exogenous ammonia
uptake
The production of ammonia was followed spectrophotometrically at
340 nm by the consumption of NADH in the conversion of a-ketoglu-
tarate (a-KG) into glutamate catalyzed by glutamate dehydrogenase
(GDH). The assay mixture contained 50 mM potassium phosphate,
pH 7.5, 0.1 mM EDTA, 0.3 mM NADH, 10 mM a-KG, 50 mM
KCl, 10 mM Gln, 10 mM Fru-6P, 30 units GDH, Glms (0.3 lg) in to-
tal volume of 1 mL. The reaction was initiated by adding 10 mM Gln
and incubated at 37 C.
The ability of Glms to use exogenous ammonia was determined with
a recently developed assay by coupling glucosamine-6P N-acetyl trans-
ferase (GNA1) in the presence of acetyl coenzyme A (AcCoA). The
assay mixture contained 100 mM Tris–HCl pH 8.0, 50 mM KCl,
1 mM EDTA, 10 mM MgCl2, 250 mM NH4Cl, 0.5 mM AcCoA,
10 mM Fru-6P, 2 lg GNA1, with a 100-fold higher quantity of Glms
(30 lg) in a total volume of 1 mL. The reaction was initiated by adding
Fru-6P to 10 mM and incubating at 37 C for 20 min. The reaction was
then stopped by addition of 100 lL (50 mM Tris–HCl pH 8.0, 6.4 M
guanidine hydrochloride), immediately followed by 200 lL Ellman
solution (1 mM 5,5 0-dithiobis(2 0-nitrobenzoic acid) in 50 mM Tris–
HCl pH 7.5, 1 mM EDTA). The mixture was incubated at room tem-
perature for 15 min before reading at 412 nm. A calibration curve was
obtained in the absence of Glms with samples containing GlcN-6P
(10–60 mM) and submitted to the same treatment.
2.7. Circular dichroism
Circular dichroism spectra of wild-type Glms and of the W74A,
W74L, W74F, A602L and V605L mutants were recorded on a JASCO
J-810 spectropolarimeter in a cell of 1 mm optical path length. Acqui-
sition consisted of six scans in the 195–250 nm range.
After subtraction of the buﬀer signal, the results were expressed in
[H], the molar ellipticity per residue (expressed in  cm2 dmol1).3. Results and discussion
3.1. Initial position of ammonia
When a molecular dynamics simulation was run on native
Glms, the root mean square deviation (RMSD) observed dur-
ing the equilibration phase showed that the protein reached a
stable structure after 250 ps, and exhibited a 1.5 A˚ global
RMSD regarding to the X-ray structure used as the starting
point [7]. During this phase (1 ns), the ammonia molecule
was oscillating in a region located behind the side-chain of
the Trp74 residue as materialized by the green transparent sur-
face in Fig. 2a. This surface was obtained using the Volmap
facility implemented in VMD [23].
This pocket which communicated neither with the synthase
site nor with the bulk solvent was delimited by the glutamate
ligand and by the Cys1, Arg26, Trp74, Ala602, Val605,
Thr606 and Val607 residues. The interaction energies between
ammonia and these residues during the equilibration phase are
reported in Fig. 2b and show that the most important interac-
tions maintaining ammonia in the hemi-synthase site are withthe positively charged N-terminal cysteine amino group as well
as with the Thr606 hydroxyl. Minor contributions are also
noted from Arg26, Val605 and Trp74.
3.2. Ammonia transfer in the native Glms
The ammonia was then pulled out from its initial pocket to-
wards the synthase site with a constant velocity of 0.2 A˚ ps1
using a SMD protocol. The objective of such an experiment
was to accelerate the ammonia transfer so that it could occur
during the simulations performed on a nanosecond time scale.
Accordingly, the timescale of the present experiments (1010
seconds) are likely to be orders of magnitude faster than the
real time of ammonia transfer, which in any case must be faster
than 0.4 A˚ ms1, a value corresponding to the length of ammo-
nia channel (20 A˚) crossed at a rate of the enzyme kcat i.e.
20 s1.
During these simulations, only local rearrangements are thus
observed whereas the high amplitude motions of the protein
that may inﬂuence the ammonia transfer can be ignored (mo-
tions in the ls–ms timescale). However, we can reasonably as-
sume that ammonia transfer in Glms is mainly a local event
and that the present molecular dynamics simulations are
meaningful, at least qualitatively if not quantitatively. The
two structural water molecules located in the channel did not
move during the simulations and did not aﬀect the ammonia
trajectory since the same results were obtained by omitting
them from the calculations.
The pulling of ammonia was repeated ﬁve times, each simu-
lation lasting 100 ps. Highly similar pathways were deduced
from these ﬁve independent simulations and a mean pathway
was thus determined by calculating the density of ammonia
occupancy along the ﬁve trajectories, as already performed
for the equilibration phase. This pathway is shown as a green
transparent surface in Fig. 3a.
To transit from one site to the other, the ammonia molecule
migrates behind Trp74 (removed from the ﬁgure for clarity)
and between the two Ala602 and Val605 residues. Accord-
ingly, these three residues can be proposed as playing a key
role in the control of ammonia transfer of Glms.
The force proﬁles associated with these experiments are also
reported in Fig. 3b. They all reﬂect the diﬃculty for ammonia
to be pulled out from the hemi-synthase site (in the range 0–
20 ps) with increasing forces up to 800 pN. These forces are ex-
plained by the interactions with the residues forming its initial
pocket, mainly the Cys1 and Thr606 residues. Once ammonia
has left the glutamine binding site, the forces quickly decrease
until they reach negative values in the 20–30 ps range. During
this period, ammonia was still located behind the side-chain of
the Trp74 residue. Interestingly, many water molecules coming
from the bulk solvent were observed on the other side of this
side-chain, suggesting that the Trp74 may act as a solvent bar-
rier preventing them for entering the channel. This protection
is crucial to prevent protonation of the ammonia produced by
glutamine hydrolysis, and to maintain its nucleophilic charac-
ter necessary for the reaction, as previously proposed in the
putative mechanism [6].
The second and main event of the simulations was the cross-
ing of a narrow passage formed by the two Ala602 and Val605
residues and conditioning the entry to the Fru-6P binding site.
Ammonia arrival resulted in a shift of the side-chain of the
Ala602 residue (Fig. 3a(2)) and in the opening of this ‘‘gate’’
as visualized by the distance Cb (Ala602)-Cb (Ala605), which
Fig. 2. (a) The initial pocket occupied by ammonia during the equilibration phase of the molecular dynamics simulations performed on native Glms.
The green transparent surface represents the total volume explored by ammonia during this phase. The residues forming the pocket are depicted as
VDW spheres. (b) The interaction energies between ammonia and the surrounding residues depicted in (a) show that the main protein residues
retaining ammonia in the hemi-synthase site are the Cys1 and the Thr606 residues.
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phase) to 8 A˚. In all ﬁve simulations, this distance returned
to the equilibrium value after ammonia entered the Fru-6P
binding site (Fig. 3a (3)). During the simulations, the Val605
residue did not noticeably move suggesting the central role
of the Ala602 residue.
Accordingly, the atomic detail of the simulations allowed us
to explore the ﬁne mechanism of Ala602 ﬂipping. We showed
that the cavity harbouring this side-chain is formed by the
Gly27 and Tyr28 residues, two residues fully conserved among
the 180 Glms sequences available in the SwissProt database
(data not shown). This argues for a functional role of the
fully-conserved W74, A602 and V605 residues. One might sug-
gest that the lack of a side-chain on Gly27 is a prerequisite to
allow the methyl group of Ala602 to come in close contact with
the Tyr28 aromatic ring. Interestingly, the latter is constrained
in its position by the tetra-peptide Pro598-Leu601 (also 100%
conserved). The rotation of the side-chain of the Ala602 resi-
due is concomitant to a re-orientation of its backbone car-
bonyl group, which can then form a strong H-bond (distance
of 1.8 A˚) with the hydroxyl group of the Tyr28 residue
(Fig. 3a (4)). Throughout the entire equilibration phase, the
corresponding hydroxyl group formed a stable H-bond with
the main chain carbonyl group of Leu601. When free, the
Leu601 carbonyl group rotates towards the amide group of
Tyr28. This exchange of H-bond partners can then stabilizethe position of the Ala602 residue when the narrow passage
constituted by the Ala602/Val605 residues opens.
3.3. Biochemistry
According to the simulation predictions, ﬁve mutated pro-
teins were produced and puriﬁed to homogeneity (W74A,
W74L, W74F, A602L, V605L). The behaviour of all mutants
was similar to that of their wild-type counterparts during puri-
ﬁcation demonstrating no signiﬁcant modiﬁcation in the over-
all protein structures. In addition, the circular dichroism
spectra recorded at physiological temperature conﬁrmed that
the mutations are not aﬀecting the global contents in second-
ary structures of the proteins being studied (data not shown).
The overall reaction of Glms involves glutamine hydrolysis,
ammonia transfer and incorporation/isomerization to give
GlcN-6P. Glutamine hydrolysis activity in the presence (hemi-
synthase activity) or absence (glutaminase activity) of Fru-6P
reﬂects the inﬂuence of the occupancy of the sugar binding site
or changes in the competence of the glutamine active site.
As shown in Table 1, the mutations which did not strongly
aﬀect the binding capacity of Fru-6P (up to 4-fold), did not de-
crease the rate of glutaminase activity whereas both hemi-syn-
thase and synthase rates were strongly aﬀected. This eﬀect
might be caused by the fact that W74 as part of the Q-loop
(residues 73–80) is functioning as a lid that closes the entrance
to the glutamine hydrolyzing domain when Gln is bound.
Fig. 3. (a) Pathway of ammonia through the diﬀerent SMD simulations. The green transparent surface represents the mean occupation volume of
ammonia through the ﬁve simulations. The ammonia depicted as a white sphere in the green surface passes behind the Trp74 residue (removed for
clarity) and between the two Ala602 and Val605 residues. The large arrow indicates the ﬂip of the Ala602 side-chain (box 2) whereas the small arrows
show the H-bonds (boxes 1 and 4). (b) The plot of forces associated with the ammonia transfer versus time, from the ﬁve SMD simulations (one
proﬁle corresponds to one simulation) principally reﬂects that it was diﬃcult for ammonia to leave the hemi-synthase site (0–20 ps).
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making it less eﬃcient as a ‘‘substrate keeper’’ and therefore
increasing kcat. In the W74L and W74F cases the substantial
increase (5–7-fold) in the aﬃnity for glutamine in the presence
of Fru-6P remains to be explained. Similarly, the interactions
between the residues constituting the C-tail (residues 598–
608) has been previously suggested [7] to play a key role in
the amidohydrolase activity through interactions with the C1
and N98 of the glutamine hydrolyzing domain. A602 and
V605 are shown here to play a signiﬁcant role in such an inter-
domain signalling in Glms.
The eﬃciency of ammonia transfer (EAT) was calculated as
the ratio between the two kcat measured for the synthase and
the hemi-synthase activities, respectively.
For the wild-type Glms, this ratio was found at 84 ± 1% dem-
onstrating a reproducible 14 ± 1% ammonia leak, a value whichwas conﬁrmed by titration of the ammonia released in the bulk
solvent using an enzyme-coupled assay. Therefore, it seems that
Glms needs to maintain an hemi-synthase activity slightly
above the requirement of the synthase activity, a phenomenon
which has also been observed for other amidotransferases of
the N-terminal nucleophilic hydrolase subfamily [24–26].
The W74A and W74L mutations aﬀected ammonia transfer
most dramatically, with EAT decreasing to 4.7 ± 0.8%
(ammonia release quantiﬁed to 100 ± 5). To better analyze
this eﬀect, a 2 ns molecular dynamic simulation of the
W74A mutant was performed using the protocol described
above. We ﬁrst veriﬁed that the W74A mutation did not aﬀect
the structure of the protein by calculating a RMSD between
the WT enzyme and the mutant at the end of the two dynam-
ics simulations (1.5 A˚ on the backbone atoms). It was noticed
that, during this process, water molecules from the bulk
Fig. 4. The W74A mutant is characterized by an alternative tunnel (in grey) through which ammonia can migrate towards the bulk solvent. This may
explain the large ammonia leak measured experimentally for this mutant. The location of this tunnel was characterized with the CAVER program
available at http://loschmidt.chemi.muni.cz/caver/index.php.
Table 1
Kinetic parameters measured for the three glutaminase (Gln hydrolysis in absence of Fru-6P), hemi-synthase (Gln hydrolysis in presence of Fru-6P)
and synthase (Fru-6P to GlcN-6P conversion) activities in the native Glms and protein mutants
Glutamine Fructose-6P
Glutaminase (no Fru-6P) Hemi-synthase (with Fru-6P) Synthase
Km
(mM)
kcat
(mn1)
kcat/Km
(M1 s1)
Km
(mM)
kcat
(mn1)
kcat/Km
(M1 s1)
Km
(mM)
kcat
(mn1)
kcat/Km
(M1 s1)
WT 0.05 ± 0.007 10 ± 0.5 3300 0.27 ± 0.02 1030 ± 5 63600 0.36 ± 0.02 865 ± 1 40000
W74A 0.2 ± 0.017 41 ± 1 3400 0.38 ± 0.05 181 ± 5 7900 0.93 ± 0.04 7 ± 0.01 125
W74L 0.1 ± 0.005 30 ± 0.5 5000 0.04 ± 0.006 93 ± 3 38700 1.11 ± 0.16 5 ± 1 75
W74F 0.064 ± 0.003 40 ± 6 10400 0.048 ± 0.003 430 ± 5 148600 1.45 ± 0.062 55 ± 1 630
A602L 0.36 ± 0.03 9 ± 0.3 416 0.1 ± 0.02 23 ± 0.55 3833 1.15 ± 0.05 13 ± 0.2 190
V605L 0.29 ± 0.02 8 ± 0.14 471 0.072 ± 0.006 17 ± 0.22 3935 0.67 ± 0.04 9 ± 0.14 228
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alternative tunnel, which is shown in grey in Fig. 4. This
tunnel was formed by the residues Ala74, Leu601, Gly27,
Tyr28 and also by Arg539, which belongs to the second Glms
monomer.
The presence of this second tunnel suggests that ammonia
might use this path to escape to the bulk solvent in the
W74A mutant. Increasing the side-chain size of residue 74
would decrease the accessibility of ammonia to this second
tunnel and improve the EAT. This is indeed what we observed
with W74F mutant in which EAT increased to 12.8 ± 0.4%.
The ability of ammonia resulting from Gln hydrolysis to es-
cape from the channel would suggest that, in the W74 mutants,
exogenous ammonia might have the possibility to use this ‘‘re-
lief route’’ to access the Fru-6P binding site. However, none of
the native/mutant proteins exhibits the slightest ammonia-
dependent synthase activity. This point requires further inves-
tigation.
The mutations of the A602 and V605 residues into leucine
equally reduced the EAT of Glms to 55 ± 2% (ammonia re-
lease quantiﬁed to 45 ± 2%) conﬁrming their role in ammonia
transfer. Introducing bulky side-chains at these positions is
likely to reduce the diameter of the ammonia channel and/or
perturb the mechanism of opening of the channel as described
above (ﬂipping of the residue 602 side-chain).In conclusion, the intramolecular channel connecting the glu-
taminase and synthase domains of Glms is constituted by sev-
eral hydrophobic residues. The channel becomes leaky upon
the reduction of the size of W74 which functions as a molecular
gate and upon A602L and V605L substitutions. Understanding
the precise contribution of each of these amino acids will re-
quire X-ray determination of the generated mutants.
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